The use of listening difficulty ratings of speech communication in rooms is explored because, in common situations, word recognition scores do not discriminate well among conditions that are near to acceptable. In particular, the benefits of early reflections of speech sounds on listening difficulty were investigated and compared to the known benefits to word intelligibility scores. Listening tests were used to assess word intelligibility and perceived listening difficulty of speech in simulated sound fields. The experiments were conducted in three types of sound fields with constant levels of ambient noise: only direct sound, direct sound with early reflections, and direct sound with early reflections and reverberation. The results demonstrate that ͑1͒ listening difficulty can better discriminate among these conditions than can word recognition scores; ͑2͒ added early reflections increase the effective signal-to-noise ratio equivalent to the added energy in the conditions without reverberation; ͑3͒ the benefit of early reflections on difficulty scores is greater than expected from the simple increase in early arriving speech energy with reverberation; ͑4͒ word intelligibility tests are most appropriate for conditions with signal-to-noise ͑S/N͒ ratios less than 0 dBA, and where S/N is between 0 and 15-dBA S/N, listening difficulty is a more appropriate evaluation tool.
ventional room acoustics design is still usually based only on consideration of appropriate reverberation times. 10 A recent study by the authors demonstrated the expected improvements to speech intelligibility scores due to early reflections and indicated that in realistic situations early reflection energy in real rooms is equivalent to increasing the level of the direct sound by up to 9 dB. 11 That is, the effective useful speech level could be as much as 9 dB greater than the direct sound due to the beneficial effects of early reflections of speech sounds. Of course, later-arriving speech sounds are usually found to be detrimental to the intelligibility of speech. 9 The present study examines the use of listening difficulty ratings to rate speech transmission performance as details of the sound-field components were varied. This included examining whether the benefits of early-arriving reflections to listening difficulty ratings are similar to their effect on speech intelligibility scores. This was done using two different types of tests to assess word intelligibility and perceived difficulty of listening to speech in simulated sound fields that were similar to those used in a previous study. 11 Although sound fields can be described by the complete details of impulse responses, the perceptually important aspects can be more simply understood by considering the speech levels associated with three basic components: the direct sound, the early reflections, and the later-arriving reverberant speech sound. In this new work, sound fields were varied by varying each of these components as a group and without changing the detailed make-up of each group such as the details of individual early reflections. It was intended that the effects of changes to each of these three component groups would be indicative of the effects of similar changes in a wide range of rooms.
The first experiment used sound fields that included either, only direct sound (D), or direct sound with early reflections (DϩE), and combined with two different levels of steady ambient noise. The second experiment used three types of sound fields: direct sound only (D), direct sound with reverberation (DϩRev.), and direct sound with early reflections and reverberation (DϩEϩRev.), all with a constant level of ambient noise. Additionally, paired comparison tests were used to confirm the significance of the differences among some of the sound fields in the second experiment.
The main goal of the new work reported in this paper was to confirm and extend previous results 2 that indicated listening difficulty is a better rating of the quality of conditions for speech communication than word recognition test scores in the range of S/N that occurs most frequently in actual rooms. This new work extends the previous work by using native and non-native speakers with a range of language skills and used speech tests in English rather than Japanese. It also explored the effects of systematic variations in the sound fields representative of conditions commonly found in real rooms including varied levels of early-arriving reflections. The new work focuses on conditions with S/N of 0 dBA or greater, whereas our previous work 11 considered the benefits of early reflections on intelligibility scores in more adverse conditions with S/N of 5 dBA and less.
II. LISTENING TESTS WITH AMBIENT NOISE AND VARIED EARLY REFLECTIONS
A. Method
Sound-field simulation procedures
All simulated sound fields were produced using a sevenchannel electro-acoustic system with loudspeakers arranged around the listener in an anechoic room at the Institute for Research in Construction, National Research Council Canada. The seven loudspeakers were located at a distance of 1.7 m from the listener and at varied angular locations relative to the listener to simulate early reflections from various angles. Each of the seven channels of electronics included programmable digital equalizers with time delays that could all be changed under computer control via a MIDI interface. The loudspeaker responses were corrected to be flat Ϯ3 dB from 80 Hz to 12 kHz.
The loudspeaker located directly in front of the listener produced the simulated direct sound ͑first arriving sound͒. The other six loudspeakers each produced one early reflection. The early reflections arrived at the listener within the first 50 ms after the direct sound. Two conditions of the early reflections were used: one in which the early reflections increased the long-term averaged speech level by 3 dB, and the other by 6 dB. Some sound fields included only a direct sound component (D cases͒; others included a direct sound and early reflections (DϩE cases͒. The overall amplitudes of each of the two component groups ͑i.e., direct sound or early reflections͒ were varied, but the arrival times and relative amplitudes of individual early reflections were not changed and such details are not considered in these experiments.
Each loudspeaker also reproduced simulated ambient noise with a spectrum shape corresponding to that of an NCB40 contour. 12 The combined level of the noise signals from all seven loudspeakers was measured at the listener to be 48.4 dBA. A second noise signal with the same spectrum shape but with an overall level of 45.0 dBA was also used in the experiment.
In the first experiment, subjects were exposed to only one noise level during each of two experimental sessions. The noise signals to each loudspeaker included varied time delays so that they were not exactly coherent. The speech and noise levels used in the first experiment are summarized in Table I . All speech and noise levels were obtained with an omnidirectional measurement microphone located at the center of the listener's head position ͑but without the listener present͒. This procedure was used because it can be related to typical measurements in rooms.
Subjects, speech material, and procedure for the listening test
Subjects varied from 22 to 58 years of age, with nine males and five females, and they reported no hearing disabilities. Although they all spoke English everyday, for seven of the subjects English was their first language, but for the other seven subjects English was not their first language.
The speech material used in the experiments was from the Fairbanks rhyme test as modified by Latham 13 and as used in previous tests. 11 The test words were embedded in the sentence ''Word number -is -, write that down'' and were spoken by a male talker. The original test lists consisted of 5 lists of 50 words, phonetically balanced within each list. In this test, each of the 250 words was used separately. Each subject listened to a total of 288 words for the combinations of 12 reflection conditions, by 2 noise levels and 12 repeats of each of these combinations. For each subject, 38 words were used twice and the repeated words were picked randomly from the 250 words. Each word was presented in a random order for each subject, and the test conditions were also presented in random order. Subjects had a break every 24 words. Each sentence was presented in a 3-s interval to the subject.
Subjects first performed a speech recognition test by writing down the first letter of each test word and then they rated the listening difficulty of each test sentence, including the target word, using the following four categories: ͑0͒ Not difficult: no effort required, completely relaxed listening condition ͑1͒ Slightly difficult: slight attention required ͑2͒ Moderately difficult: moderate attention required ͑3͒ Very difficult: considerable attention required
The authors used these same categories for listening difficulty rating in a previous study for Japanese speech. Listening difficulty was judged immediately after the speech recognition test component so that listening difficulty included the effect of the cognitive process of word recognition on this subjective rating.
Word recognition scores were obtained for each subject as the average score of the repeated tests for each condition. Listening difficulty was obtained for each subject as the percentage of responses that indicated some level of difficulty ͑i.e., not a ''0'' response͒ for each condition. This makes it possible to identify desirable conditions as those in which listeners have no difficulty in listening to the test speech material.
2 Both types of scores are presented as mean scores over all subjects.
B. Results of listening test to speech

The relation between listening difficulty and word intelligibility
The first comparisons were based on the results of tests in which subjects performed speech intelligibility tests and listening difficulty ratings for sound fields with varied speech signal-to-noise ratio ͑S/N͒ and for two types of reflection conditions. In one series of tests the sound fields consisted of only a direct sound and varied S/N was obtained by varying the amplitude of the direct speech sound in combination with either 45.0 or 48.4 dBA of constant noise. In the other series of tests, three levels of direct speech sound were used and the S/N was varied by adding early reflections to increase the total speech levels by 3 or 6 dBA relative to the direct speech levels. These were all presented in combination with the same two constant noise levels. resulting plots of word recognition scores and listening difficulty ratings versus S/N, respectively. Both ratings show strong relationships with S/N. Although word recognition scores exceed 90% for S/N greater than 0 dBA, listening difficulty is about 90% at a S/N of 0 dBA and shows the greatest variation for S/N above 0 dBA. Listening difficulty decreases monotonically as S/N varies from Ϫ2.5 to 15 dBA. In other words, listening difficulty varies over a range of 97% ͑i.e., from 2% to 99%͒ for the experimental conditions. However, word recognition scores varied over a range of only 21% ͑i.e., from 78% to 99%͒ and are seen to be a less sensitive rating of these acoustical conditions. Analysis of variance ͑ANOVA͒ was employed to compare the sensitivity of word recognition and listening difficulty scores. The experimental conditions and individual differences were the two factors tested by the repeated measures ANOVA. The result of ANOVA for word recognition scores indicated that there was a significant effect of conditions (pϽ0.0001) and there was also a significant effect of individual subject differences (pϽ0.0001). Tukey's honestly significant difference ͑HSD͒ test for multiple comparisons 14 was employed, and it indicated that differences between conditions of more than 9.12% would be significant. A difference of 9.12% is 42.6% of the complete range of the speech recognition scores.
The ANOVA results for the listening difficulty ratings indicate that there are significant effects of varied condition ( pϽ0.0001) and also of the differences among subjects (p Ͻ0.0001). HSD is 22.8% (pϽ0.05), which is 23.4% of the complete range of listening difficulty ratings, and this is about half of that for word intelligibility. This HSD shows that the listening difficulty ratings have approximately double the sensitivity of the word intelligibility scores.
There was no pair of conditions, with and without early reflections and both having almost the same speech-to-noise ratio, which had difficulty ratings different by 23.4% or more. This indicates that, for listening difficulty ratings, adding early reflections is equivalent to increasing the energy of the direct sound to the same total speech level. In other words, early reflections are equivalent to increased direct speech energy in these conditions without reverberant speech sound.
Individual differences among subjects
Because significant differences among individuals were found, ANOVA was employed to test for differences between the subject groups of native and non-native English speakers, all of whom used English every day. Each group had seven subjects. The experimental conditions and subject groups were the two factors included in the ANOVA analysis. The interaction between conditions and subject groups was not significant either for word recognition score or for listening difficulty.
The result of the ANOVA for word recognition scores indicated that there was a significant difference between the two subject groups (pϽ0.0001). Figure 3 shows that there are clearly different trends with respect to S/N for the word intelligibility scores for each subject group. The regression curves in Fig. 3 indicate that the difference in S/N between the two subject groups was 5.7 dB for a 90% word intelligibility score. This means that non-native English speakers had a 5.7-dB disadvantage relative to native English speakers in terms of speech recognition scores. This is comparable to results by Buus et al., 15 who found non-native listeners to require between 3-and 12-dB better conditions depending on their amount of experience with the language of the test. Somewhat similar results were reported by Nabelek and Donahue 16 for varied reverberation time and by van Wijngaarden et al. 17 for Dutch subjects listening to both English and German speech material.
On the other hand, for listening difficulty ratings, the ANOVA analysis indicated that there was not a significant difference between the two subject groups (pϾ0.05).
One can conclude that although word intelligibility and listening difficulty ratings vary among subjects, listening difficulty is not affected by the mother tongue of the subjects. Thus, listeners of varied language skills can be used to provide similar listening difficulty ratings of conditions for speech. However, these ratings would not reflect the expected lower intelligibility scores from listeners less familiar with the language of the test.
Effect of noise level on listening difficulty
The difference between the two logistic regression curves ͑where difficulty is 50%͒ in Fig. 2 indicates that the effective S/N difference between the two sets of results was only 1.7 dBA. This 1.7-dB difference is only half of the actual difference of noise levels and would correspond to a 20%-30% difference in listening difficulty ratings. This difference is approximately the same as the HSD (pϽ0.05) required to indicate a significant difference between a pair of conditions for listening difficulty. It is likely that this difference is due to context effects in the experiment. Although it was hoped that subjects would judge listening difficulty absolutely, they may have tended to rate conditions relative to the complete range of conditions to which they were exposed in each part of the experiment. In particular, the cases for each noise level were presented as two subgroups in which only one ambient noise level was experienced in each subgroup. This led to a slightly different range of S/N for the two parts of the experiment, and is probably the cause of the 1.7-dB shift between the two sets of listening difficulty rating results.
ANOVA was employed to test the significance of the difference between the results for ambient noise of 48.4 dBA and those of 45.0 dBA. Noise level, speech level, and the interaction between noise level and speech level were included as factors in the ANOVA. The result of the ANOVA was that there was only a marginally significant difference between the two ambient noise conditions (pϽ0.1).
Even though the difference was not statistically significant at pϽ0.05, Fig. 2 suggested that possible context effects should be minimized in subsequent experiments. Accordingly, the second experiment, discussed in the next section, included a wider range of conditions and they were all presented in a single experimental listening session.
III. LISTENING TESTS FOR SPEECH IN AMBIENT NOISE AND REVERBERATION TO CONFIRM THE BENEFIT OF EARLY REFLECTIONS
Sound-field simulation procedures
All simulated sound fields were produced using a sevenchannel electro-acoustic system with loudspeakers arranged around the listener in an anechoic room similar to that described for the first experiments. The seven loudspeakers were located at a distance of 1.6 m from the listener. The delayed early reflections and reverberation were created using programmable digital signal processors ͑Yamaha DME32͒ that could be changed under computer control via a MIDI interface. The loudspeaker responses were corrected to be flat Ϯ1 dB from 80 Hz to 12 kHz.
The loudspeaker located directly in front of the listener produced the simulated direct sound and the other six loudspeakers each produced one early reflection of the speech sounds. The early reflections arrived at the listener with varied delays to distribute them in a realistic manner over the first 50 ms after the direct sound. The details of individual reflections were not varied; only the overall amplitude of the six early reflections was varied as a group. Two levels of the early reflections were used in the experiment, one of which increased the long-term averaged speech level relative to that of the direct sound by 3 dB, and the other by 6 dB. Reverberant speech was produced via all seven loudspeakers with slightly different levels and delay times for each speaker to create a diffuse impression for the reverberant speech component.
Each loudspeaker also reproduced simulated ambient noise with a spectrum shape corresponding to that of an NCB40 contour and with a measured overall level at the position of the listener of 48.6 dBA. The noise signals to each loudspeaker were not exactly coherent to minimize interference effects at the listener and to create the impression of a diffuse sound field for the simulated ambient noise.
There were three series of conditions, which are described in Table II . In one series the sound fields consisted of only a direct sound (D cases͒ and varied S/N was obtained by varying the amplitude of the direct speech sound relative to the constant level of ambient noise. In the second series, the sound fields consisted of a direct sound and two levels of reverberation (DϩRev.A or DϩRev.B cases͒. The reverberation time was 1.1 s for both reverberant cases, but the ratio of early to late arriving speech sound ͑C50͒ varied as described in Table II . The reverberant speech level was 51.6 dBA for the more reverberant case called ''Rev.A'' and 45.8 dBA for the less reverberant case called ''Rev.B.'' There were four levels of direct sound for each reverberant case, increasing in 3-dBA steps from 49 dBA. In the third series (DϩEϩRev.A or DϩEϩRev.B cases͒, two levels of early reflections, which increased the effective signal level by 3 and 6 dBA, were added to the 49-dBA direct sound level condition with each of ''Rev.A'' and ''Rev.B'' late-arriving energy and were compared with cases which had the same effective signal level. The overall amplitudes of each of the three component groups ͑direct sound, early reflections, and reverberant sound͒ were varied but the arrival times and relative amplitudes of individual early reflections were not changed.
The measured levels of each component group are summarized in Table II for each of the test conditions. The levels of the direct, early, and reverberant speech sounds are listed where appropriate. This table also lists the effective speech levels consisting of the sum of the direct sound and the early reflection energy arriving within 50 ms after the direct sound, along with the corresponding effective signal-to-noise ratios ͑E-S/N͒.
To avoid context effects for a limited series of conditions, as discussed in the previous section, subjects experi-enced a full range of experimental conditions in one single test. That is, cases varied from near-zero listening difficulty ͑S/N of 15 dBA͒ to nearly complete ͑100%͒ listening difficulty ͑S/N of Ϫ6 dBA).
Subjects, speech material, and procedure for the listening test
Eleven male subjects and two female subjects were used for the experiment. Subjects varied from 21 to 58 years of age and they didn't report any hearing disabilities. Two nonnative English speakers were used in this experiment but their scores on the word intelligibility test were not included in the results.
The speech material used in this experiment was the same as in the previous experiment. Each subject listened to 10 sentences for each of 20 conditions and they heard each test sentence only once. Test words and test conditions were presented in random order to each subject. Subjects could have a small break every 25 words. Each sentence was presented after the subject responded to the former sentence. Hence, the rate of presentation depended on the subject.
The experimental procedure was almost the same as in the previous experiment except a small laptop PC with a 6 in. screen and a full-sized keyboard, positioned on the knees of the subject, was used instead of pen and paper. Subjects were asked to use the keyboard to give the missing first letter of each test word in the speech recognition part of the test. After listening to each sentence, they also rated the listening difficulty by typing the number for the category of difficulty.
To minimize individual differences in the results, subjects were informed about the procedure of the experiment and the definition of listening difficulty in a training session.
In this practice session, subjects listened to more than the full range of experimental conditions ͑S/N was systematically varied in 3-dB steps from ϩ18 to Ϫ9 dB and then in reverse order from Ϫ9 to ϩ18 dB varying only the direct sound and ambient noise͒. They responded to the word recognition test and gave a listening difficulty rating to get them used to the idea of listening difficulty and to the complete range of conditions. All of the subjects switched their responses from ''not-difficult'' to ''difficult'' and vice versa in the middle of the range of S/N in this training session.
B. Results of the listening tests
ANOVA for comparing sensitivity of word intelligibility and listening difficulty
The result of the ANOVA for word recognition scores ͑the two non-native English speakers were removed͒ showed that there was a significant effect of varied condition (p Ͻ0.0001) but there was not a significant effect of individual subject differences (pϾ0.05). Tukey's honestly significant difference ͑HSD͒ test was employed for multiple comparisons. HSD was calculated to be 6.88% (pϽ0.05), which is 42.0% of total range of the scores.
The result of the ANOVA for listening difficulty indicated that there was a significant effect of varied condition (pϽ0.0001). There was also a significant effect of differences among individual subjects (pϽ0.0001). HSD for listening difficulty was 24.8%(pϽ0.05), which is 25.1% of the complete range of listening difficulty.
Although there is a significant effect of the differences among individual subjects, the HSD is a smaller portion of the complete range of listening difficulty scores than is the HSD for the word intelligibility scores. This is true even though there is not a significant effect on word recognition scores of individual differences among subjects when the mother tongue effect was removed. This again shows that listening difficulty can better discriminate among these experimental conditions than can word recognition scores. Figure 4 presents the relation between listening difficulty ratings and the effective speech-to-noise ratio ͑E-S/N͒, in which the energy of direct sound and the early reflections within 50 ms of direct sound are summed as the effective speech energy. Figure 4 also includes the regression curve obtained from the results of conditions with 48.4-dBA noise in the previous experiment.
Comparison of listening difficulty results with those in the previous experiment
The cases with only a direct sound component ͑filled circles in Fig. 4͒ are close to the regression curve from the former experiment. Additionally, listing difficulty ranged over almost the full scale from 1.5% to 100% as intended to avoid context effects. This result demonstrates the repeatability of the listening difficulty measure, at least for the equivalent conditions in the previous experiment.
Benefit of early reflections in noise and reverberation for listening difficulty
The series of conditions in this experiment were created to confirm that the effect of early reflections also exists in more realistic cases that also included later-arriving speech sounds ͑reverberation͒.
The results in Fig. 4 show that the reverberant level influences listening difficulty ratings. The more reverberant Rev.A cases created more difficult listening conditions than the less reverberant Rev.B cases at the same E-S/N.
The lowest S/N ͑0.7 dB͒ case for Rev.B without early reflections ͑filled triangles͒ deviates from the overall trend of these results and showed lower difficulty for this S/N value than expected. The difference between the lowest case and the second lowest case is smaller than the HSD and is not statistically significant (pϾ0.05). In a separate test, five subjects compared these two conditions ten times and 90% of their responses were the opposite of the result in the main experiment as was expected. All of the subjects who participated in this trial reported that there was a subtle difference between the two conditions and it might relate to a difference in loudness. In all other cases, adding early reflections increased the effective S/N and decreased the resulting listening difficulty rating. This one unusual point was thought to be due to the large scatter in listening difficulty scores; this was verified in a paired comparison test described in next section.
From Fig. 4 , it is seen, that for sound fields including Rev.A with the direct sound ͑filled diamonds͒, the listening difficulty ratings are about the same as those for the direct sound only cases having a 5-dB lower S/N. Adding the reverberant speech level from Table II ͑51.6 dB for Rev.A) to the noise level ͑48.6 dB͒ increases the total detrimental sound level by about 5 dB relative to the noise alone. This 5-dB increase in detrimental sound level would relate to a 5-dB decrease in useful-to-detrimental sound ratios between the direct-sound-only cases and the direct-plus-reverberant cases, and supports the use of useful-to-detrimental ratio concept ͑U50͒ ͑Refs. 18, 19͒ to explain the effects of added reverberant speech sound on listening difficulty for these cases.
Listening difficulty ratings for cases with early reflections are much lower than those for cases without early reflections at the same E-S/N. Early reflections decrease listening difficulty by 10% for Rev.A ͓which is less than the HSD (HSDϭ24.8%,pϽ0.05)] and by 40% for Rev.B ͑which is greater than HSD͒ compared to other cases with the same E-S/N. This may be due to early reflections effectively increasing the time window for integrated useful early energy and thus including the early part of late-arriving sound ͑more than 50 ms after the direct sound͒ in the integrated useful energy. Figure 5 presents the relation between listening difficulty ratings and U50͑A͒ values ͑A-weighted useful-todetrimental ratio with 50-ms early time interval͒. As expected, similar trends versus U50͑A͒ are seen for the onlydirect-sound cases and the direct-sound-plus-reverberation cases. The cases with early reflections deviate from the main trend and show lower difficulty for a particular U50͑A͒ value than for the cases without early reflections. STIr͑Male͒, which is a new version of the Speech Transmission Index for male voices, 20 shows almost the same relation with listening difficulty as found for U50͑A͒ in Fig. 5 . These results may indicate that these measures could be adjusted to better reflect the benefits of early reflections on the listening difficulty scores. Although the previous study 11 discussed the benefit of early reflections on speech recognition scores rang- FIG. 4 . Relation between effective speech-to-noise ratio and mean difficulty rating of D ͑direct sound͒ cases ͑filled circle͒, DϩRev. ͑direct sound ϩreverberant sound͒ cases ͑gray symbols͒, and DϩEϩRev. ͑direct sound ϩearly reflectionsϩreverberant sound͒ cases ͑open symbols͒. The logistic regression curve for the 48.4-dBA-noise case of the previous experiment is also presented.
ing from 85% to 100% for normal-hearing listeners, listening difficulty better discriminates among conditions in rooms to illustrate the effect of early reflections, as this study shows.
Because the scatter in the listening difficulty ratings, due to individual differences among subjects, is large, it is difficult to precisely relate listening difficulty ratings with physical indices. More precise ratings for some of the cases used in this experiment were obtained using a paired comparison test presented in the next section.
IV. SCHEFFE'S PAIRED COMPARISON TEST TO CONFIRM THE BENEFIT OF EARLY REFLECTIONS ON LISTENING DIFFICULTY TO SPEECH
In order to show the significant benefit of early reflections to listening difficulty, and to discuss the relation of listening difficulty scores with physical numbers, Scheffe's method of paired comparison test 21 was used.
Sound fields
Seven of the conditions used in the previous experiment were used for the paired comparison tests. The electroacoustic system and the anechoic chamber used in this experiment were the same as in the previous listening test. Two direct-sound-only-plus-noise cases (D), three cases with direct sound plus Rev.B (DϩRev.B), and two cases with direct sound, reverberant sound (Rev.B), and early reflections (DϩEϩRev.B) were used. All conditions are summarized in Table III .
Subjects and procedure
Eleven of the subjects who participated in the former experiment were used. Subjects were asked to rate the differences for each pair in one of five categories. They did this by typing a number on the keyboard with the following descriptions presented on the screen of the tiny PC, located in front of subjects, and after listening to each pair of sentences:
͑1͒ Former is much more difficult than latter. ͑2͒ Former is more difficult than latter. ͑3͒ Former is as difficult as latter. ͑4͒ Latter is more difficult than former. ͑5͒ Latter is much more difficult than former.
The categories were assigned scores of Ϫ2, Ϫ1, 0, 1, and 2 corresponding to the first to the fifth responses in the list above, respectively. A total of 42 different pairs of speech conditions was presented twice to each subject. ͑Because this psychological scale is a relative scale, it could have used the word ''easy'' instead of ''difficult.''͒ B. Results
Confirmation of significant benefit of early reflections to listening difficulty
The result of the ANOVA of the results from the psychological scale of listening difficulty showed that there was a significant effect of test condition (pϽ0.0001) and there was not a significant effect of the differences among individual subjects (pϾ0.05). The Yardstick 21 ͑same concept as HSD͒ was calculated to be 0.13 (pϽ0.05).
FIG. 5. Relation between A-weighted useful-to-detrimental ratio ͓U50͑A͔͒
and mean difficulty rating of D ͑direct sound͒ cases ͑filled circle͒, D ϩRev. ͑direct soundϩreverberant sound͒ cases ͑gray symbols͒, and DϩE ϩRev. ͑direct soundϩearly reflectionsϩreverberant sound͒ cases ͑open symbols͒. The logistic regression curve of the 48.4-dBA-noise case of the former experiment is also presented. Comparing the conditions with direct sound and those with direct sound plus reverberation, listening difficulty was increased by reverberation as shown in Fig. 6 . When early reflections were added, listening difficulty was reduced relative to cases without early reflections at the same E-S/N. Conditions ͑i͒-͑vii͒ are described in Table III . If the difference between two conditions is greater than the Yardstick, it indicates that these two conditions are significantly different. The difference between condition ͑iv͒ ͑without early reflections͒ and condition ͑vi͒ ͑with early reflections͒ is greater than the Yardstick, and the difference between condition ͑v͒ ͑without early reflections͒ and condition ͑vii͒ ͑with early reflections͒ is also greater than the Yardstick. These results suggest that the listening difficulty of the conditions with early reflections ͑vi͒ is less than the condition without early reflections ͑iv͒, which has the same effective speech energy as condition ͑vi͒. The same could be said for the relation between ͑v͒ and ͑vii͒. This result significantly demonstrates that early reflections increase the effectiveness of the speech sounds more than expected due to the summation of the direct and early reflection energy in cases with noise and reverberation.
The key finding from Fig. 5 is the result that the conditions with early reflections and reverberation were rated as less difficult than the direct-sound-only case having the same E-S/N.
Adding reverberant speech (DϩRev.B cases͒ to the direct-sound-only cases (D) caused increases in listening difficulty that increased with increasing E-S/N. This result suggests that the reason for the lowest E-S/N ͑0.7 dB͒ case for Rev.B without early reflections in the previous experiment deviating from the overall trend of results was due to the scatter of listening difficulty ratings.
Relation between listening difficulty and physical measures
As Fig. 6 shows, listening difficulty ratings are well related to E-S/N for the D cases and the DϩEϩRev.B cases. The DϩRev.B cases are expected to differ from the main trend as E-S/N increases. This is because E-S/N does not take into account the detrimental effect of reverberation as the small differences in listening difficulty show. Figure 7 shows the relation between the psychological scale of listening difficulty and U50͑A͒. These results suggest that U50͑A͒ overestimates the detrimental effects of reverberant sound in these results. If the time interval for useful energy is increased to 170 ms for DϩRev.B cases ͓͑iii͒, ͑iv͒, and ͑v͒ in Table III͔ , and to 240 ms for DϩEϩRev.B cases ͓͑vi͒ and ͑vii͔͒, the variation of ratings with useful-todetrimental ratios would agree with the direct-sound-only cases ͓͑i͒ and ͑ii͔͒ as illustrated in Fig. 8 . This suggests that the effective early time interval may vary due to differences in the addition of early reflection components, and that a simple energy addition over a fixed 50-ms early time interval may not always be appropriate.
STIr values show the same trend as do the U50͑A͒ results and similarly overestimate the detrimental effects of reverberant sound seen in Fig. 9 . Figure 10 shows the variation of word intelligibility scores of native English speakers and listening difficulty ratings with U50͑A͒, for all of the conditions in this study. The listening difficulty ratings do exhibit a reasonable amount of scatter. This may be partially due to systematic errors in U50 values that were based on a fixed 50-ms early time interval as pointed out in the results of this study. Further efforts are required to find a more appropriate procedure for determining the boundary for the early time interval and to better understand the process by which early reflection energy is integrated into the useful speech energy in complete room FIG. 6 . Relation between effective speech-to-noise ratio and psychological scale value of listening difficulty of D ͑direct sound͒ cases ͑filled circle͒, DϩRev.B ͑direct soundϩreverberant sound Rev.B) cases ͑gray triangle͒, and DϩEϩRev.B ͑direct soundϩearly reflectionsϩreverberant sound Rev.B) cases ͑open diamond͒. The data points are numbered from ͑i͒ to ͑vii͒ as defined in Table III impulse responses. Several previous studies 9, [22] [23] [24] give some clues as to how one might improve the method of evaluating the effect of room acoustics on speech communication.
V. DISCUSSION
This study clearly shows, that early reflections at least have an effect equivalent to amplifying the direct sound by as much as the energy increase they provide, and they improve the E-S/N for listening difficulty under noisy conditions. The results of experiments in noisy and reverberant sound fields suggest that early reflections tend to expand the time window of the useful early speech energy. This finding suggests that some late-arriving sound ͑i.e., greater than 50 ms after the direct sound͒ is helpful, and that this would influence the determination of optimum reverberation time criteria for speech communication in noise.
The experimental conditions in this study ranged from Ϫ6 to ϩ15 dBA in terms of S/N, and this range covered almost all conditions we might find in normal public spaces as identified by Pearsons et al. 1 The new results showed that listening difficulty ranged from 0% to 100% in this range of conditions. Values of 5% and 95% of listening difficulty correspond to S/N values of Ϫ4.5 and 14.5 dBA, respectively. On the other hand, for this same range of S/N values, word intelligibility scores only varied from 90% to 100%. This small range of word recognition scores makes it more difficult to consider the influence of early reflections on speech communication using word intelligibility scores.
In a previous study, 2 the authors discussed the range of sound-field conditions that would be most suitably evaluated using intelligibility scores, difficulty ratings, or sound quality and easiness ratings. Each rating is most appropriate for a particular range of conditions. Figure 10 also presents the regression line of intelligibility scores of old studies using the same rhyme test and measured in actual sound fields ͑classroom, gym, auditorium, etc.͒. 25, 26 The curve is slightly lower than the new data presented in this study, but still indicates 90% intelligibility at a U50 of 0 dBA. ͑In the older studies U50 values were probably a few dB too high, because speech levels were estimated from the known output of the source using simple diffuse field theory.͒ The new results in the current paper clearly illustrate the range of S/N or U50 for which word intelligibility scores are more appropriate ͑up to 0 dBA͒ and the range for which listening difficulty ratings are more appropriate (Ϫ4.5 to 14.5 dBA͒.
One problem with listening difficulty ratings is the scatter among the results of the different subjects, even though they had received a training session. One solution to this problem is to use paired comparison tests, but for large sets of conditions, paired comparison tests can be very time con- suming. More effort is required to minimize scatter of the difficulty ratings.
VI. CONCLUSIONS
The results demonstrate that ͑1͒ Listening difficulty ratings better discriminate among conditions commonly found in spaces intended for speech communication than do word recognition scores. ͑2͒ For S/N values ranging from Ϫ4.5 to ϩ14.5 dBA, listening difficulty scores vary from 5% to 95%, a range of 90%. On the other hand, word intelligibility scores vary only a small amount over the upper part of this range, corresponding to near to acceptable conditions for speech communication. Word intelligibility scores are about 95% at an S/N of ϩ1 dBA and start to decrease increasingly rapidly below this S/N value. ͑3͒ Early reflection energy has at least the same effect on speech intelligibility and listening difficulty ratings as an equivalent increase in direct sound level. When reverberation exists, the benefit of early reflections is more than expected due to the added early reflection energy. ͑4͒ Listening difficulty isn't affected by the mother tongue of subjects in the English rhyme test. It is therefore a more widely applicable test for evaluating the quality of conditions for speech communication. However, listening difficulty ratings would not reflect the decreased intelligibility scores of non-native listeners.
